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ABSTRACT: Glycosaminoglycan (GAG)-protein inter-
actions mediate critical physiological and pathological 
processes, such as neuronal plasticity, development, and 
viral invasion. However, mapping GAG-protein interac-
tion networks is challenging as these interactions often 
require specific GAG sulfation patterns and involve trans-
membrane receptors or extracellular matrix-associated 
proteins. Here, we report the first GAG polysaccharide-
based photoaffinity probes for the system-wide identifi-
cation of GAG-binding proteins in living cells. A general 
platform for the modular, efficient assembly of various 
chondroitin sulfate (CS)-based photoaffinity probes was 
developed. Systematic evaluations led to benzophenone-
containing probes that efficiently and selectively captured 
known CS-E-binding proteins in vitro and in cells. Im-
portantly, the probes also enabled the identification of 
>50 new proteins from living neurons that interact with 
the neuroplasticity-relevant CS-E sulfation motif. Several 
candidates were independently validated and included 
membrane receptors important for axon guidance, innate 
immunity, synapse development, and synaptic plasticity. 
Overall, our studies provide a powerful approach for 
mapping GAG-protein interaction networks, revealing 
new potential functions for these polysaccharides and 
linking them to diseases such as Alzheimer’s and autism. 
Glycosaminoglycans (GAGs) are a family of structurally 
complex, linear polysaccharides that are covalently at-
tached to proteoglycans at the cell surface and in the ex-
tracellular matrix (ECM).1-3 Chondroitin sulfate (CS) and 
heparan sulfate (HS), the most prevalent GAGs, are com-
posed of repeating disaccharide units of uronic acid and 
hexosamine sugars. Tightly-regulated epimerization, 
along with N- or O-sulfation of these units, gives rise to 
highly diverse structural motifs.1 These discrete sulfation 
motifs serve as recognition elements for a range of pro-
teins, including growth factors, chemokines, axon 
 
Figure 1. (A) CS sulfation motifs used in this study. (B) De-
sign of CS photoaffinity probes. n = 9–34.  
guidance molecules, and cell-surface receptors.1-8 GAG-
protein interactions depend on the physiological context 
and regulate processes such as inflammation,4,9 develop-
ment,10-12 neuroplasticity,7,13-16 and cell–ECM communi-
cation.17 A notable example is the ability of a specific CS 
sulfation motif, CS-E (Figure 1A), to inhibit axon regen-
eration after central nervous system injury through its in-
teractions with the cell-surface receptors protein tyrosine 
phosphatase-sigma (PTPσ)7,15,16 and Nogo (NogoR).18 
Mapping GAG-protein interaction networks in their na-
tive cellular contexts is therefore key to understanding 
molecular mechanisms underlying critical biological pro-
cesses. However, while more than 100 HS GAG-binding 
proteins (GAG-BPs) have been described,19,20 the specific 
sulfation motifs mediating those interactions are mostly 
unknown, and general approaches towards the systems-
level identification of GAG-BPs have been lacking. Fur-
thermore, relatively few chondroitin, dermatan, and kera-
tan sulfate GAG-BPs have been reported, suggesting that 
the vast majority of the GAG-protein interactome remains 
undiscovered. 
Chemical tools are needed to identify sulfation pat-
tern-specific and context-dependent GAG-protein inter-
actions. The discovery of GAG-BPs presents unique chal-
lenges due to the large structural diversity of GAGs, as 
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well as the weak, graded affinities and multivalency of 
many GAG-protein interactions.21,22 Affinity chromatog-
raphy approaches rely on non-covalent interactions and 
require cell lysis,19,20,23,24 which disrupts the native cellu-
lar environment and can alter the activity, structure, and 
binding interactions of GAG-BPs. Such methods thus fail 
to provide important context-dependent information and 
are poorly suited to capturing plasma membrane and ex-
tracellular proteins. Furthermore, GAGs often bind to 
shallow cavities rather than deep pockets in proteins1,2,16 
and their interactions depend highly on physiological salt 
concentrations.25 As a result, weaker, but equally im-
portant, interactions can be lost during the washing pro-
cedures, limiting protein identification to the strongest 
binders. Here, we report a general approach for mapping 
GAG-protein interaction networks in living cells. We de-
veloped a modular strategy to synthesize the first GAG 
polysaccharide-based photoaffinity probes. Our studies 
provide a ‘global snapshot’ of the diverse network of 
GAG-protein interactions mediating the communication 
between neurons and the ECM, and reveal new potential 
functions for these polysaccharides.  
As a starting point, we chose to identify CS-E binding 
proteins to further our understanding of neural plasticity 
and regeneration. A panel of photoaffinity probes was ef-
ficiently constructed by coupling natural CS-E-enriched 
polysaccharides to trifunctional photo-crosslinking rea-
gents (TPRs, 1–4; Figure 1B and Scheme S1). These rea-
gents contained three key elements: 1) an amine function-
ality for coupling to GAG chains via carboxylic acids on 
D-glucuronic acid (GlcA); 2) a photo-crosslinking group 
(PC) to covalently crosslink interacting proteins; and 3) 
an alkyne functionality for attaching a biotin handle for 
affinity enrichment. Alternatively, a biotin moiety was in-
corporated by functionalizing the peptide N-terminus at 
the reducing end of the GAG chain. We envisaged that 
these TPRs could be appended to any GAG oligo- or pol-
ysaccharide. Here, we chose polysaccharides to favor 
higher affinity, multivalent binding of proteins.  
A series of CS polysaccharide probes enriched in the 
CS-E or CS-C motifs were designed and synthesized to 
examine the effects of different photo-crosslinking labels, 
linkage types, and linker lengths on crosslinking. Diazir-
ine (DA)- or benzophenone (BP)-containing probes 5–10 
were prepared by coupling TPRs 1–3 to end-biotinylated 
CS polysaccharides via isourea or amide linkages (Fig-
ure 2). The average photo-crosslinker to CS polysaccha-
ride ratios (PC:CS) were determined using a carbazole as-
say26 and UV-Vis spectroscopy (Figure S1). The coupling 
reactions conditions were optimized to obtain reproduci-
ble PC:CS ratios and enable direct comparisons (Figure 
S1 and Table S1). Importantly, probes 5–9 retained the 
ability to bind a known CS-E-binding protein, PTPσ, and 
CS-E-specific monoclonal antibody (mAb),15,27 as deter-
mined by enzyme-linked immunosorbent assays 
(ELISAs; Figures 3A–B and S2A). As expected, CS-C- 
based probe 10 showed 100-fold weaker binding to the 
Figure 2. (A) Synthesis of GAG-based photoaffinity probes. 
(B) Structures of probes 5–13. The average n (PC:CS ratio) 
was calculated as described in the Supporting Information. 
Pep = peptide.  
proteins. These results suggested that the addition of PC 
moieties did not significantly alter the affinity or specific-
ity of CS polysaccharides for proteins.  
Next, we compared the photo-crosslinking efficien-
cies of probes 5–10 using a novel photo-ELISA assay 
(Figure S2B). The probes were adhered to streptavidin-
coated plates, and the CS-E mAb was added. After irradi-
ation and stringent washes with 1% SDS to remove non-
covalent interactions, the covalently-crosslinked CS-E 
mAb was detected using an anti-mouse IgG streptavidin-
horseradish peroxidase (HRP) conjugate. We found that 
the amide-linked probes 7 and 8 labeled the CS-E mAb 
more efficiently than the equivalent isourea-linked probes 
5 and 6 (Figure 3C). Moreover, photo-crosslinking was 
greater for the amide-linked BP-containing probes 7 and 
8 compared to amide-linked DA probe 9, presumably due 
to the longer-lived triplet diradical formed upon BP pho-
toreduction. Increasing the linker length between the 
photo-crosslinking group and CS (7 versus 8) had no sig-
nificant effect on crosslinking efficiency. Furthermore, 
negligible photo-crosslinking of CS-C-based probe 10 to 
the CS-E mAb was observed by photo-ELISA, indicating 
that photo-crosslinking was binding dependent and thus 
specific.  
To confirm these results, probes 7– 9 were incubated 
with PTPσ, irradiated, and resolved by SDS-PAGE. Com-
plete disappearance of the PTPσ band and formation of 
higher molecular weight PTPσ adducts were observed for 
BP probes 7 and 8 (Figure 3D), but not for DA probe 9 
(Figure 3E), supporting the results obtained by photo-
ELISA. Formation of these crosslinked adducts depended 
on the probe concentration and irradiation time  
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Figure 3. (A) Probes 5–9 retain binding to a CS-E mAb (n 
= 4). (B) The PTPσ	ectodomain	fused to an immunoglobu-
lin Fc domain (PTPσ-Fc) binds with similar affinities to 8 
and end-biotinylated CS-E, but not to CS-C-based probe 10 
(n = 2). (C) Probes 7 and 8 label the CS-E mAb most effi-
ciently, as determined by photo-ELISA (n = 2). (D) Labeling 
of PTPσ-Fc with 7 and 8, as detected by immunoblotting. 
(E) Probe 9 does not label PTPσ-Fc. (F) Time- and concen-
tration-dependent labeling of PTPσ-Fc with 7 (top) and 8 
(bottom). (G) Effects of the PC:CS ratio and linker length on 
photo-crosslinking efficiency. Data represent the mean 
± SEM. Dotted lines indicate non-adjacent lanes within the 
same blot where irrelevant lanes were cropped out for clar-
ity. 
 
(Figure 3F). To determine the optimal PC:CS ratio and 
linker length, we synthesized probes 11 (PC:CS 9:1) and 
12 (PC:CS 34:1) (Figure 2B). Covalent labeling of PTPσ 
with 11 was less efficient compared to 8 and 12 (Figure 
3G), suggesting that a PC:CS ratio higher than 9:1 was 
required for optimal photo-crosslinking. As extending the 
linker on 8 did not improve the PTPσ labeling efficiency 
(13, Figures 2B and 3G), probe 8 was chosen for addi-
tional studies. 
We performed competition experiments to assess the 
selectivity of 8. Photo-crosslinking to PTPσ was signifi-
cantly reduced in the presence of excess polysaccharides 
enriched in the CS-E motif, but not the CS-A or CS-C 
motif (Figure 4A). Consistent with the photo-ELISA re-
sults (Figure 3C), the corresponding CS-C probe 10 failed 
to label PTPσ, demonstrating the ability of 8 to capture 
GAG-BPs that recognize specific sulfation motifs. We 
next confirmed that photo-crosslinking had occurred via 
the interaction of 8 with a defined binding site on PTPσ. 
CS-E recognizes a conserved, positively-charged surface 
within the first immunoglobulin (Ig)-like domain of 
PTPσ.7,16 Accordingly, mutation of lysine residues K67–
71 in this region significantly reduced the photo-cross-
linking of PTPσ to 8 (Figure S2C).  
Next, we evaluated whether photo-crosslinked pro-
teins could be efficiently pulled down via the end-termi-
nal biotin handle. PTPσ was incubated with 8 and irradi-
ated prior to pull down using streptavidin-coated beads. 
After washing, the PTPσ-Fc–8 adduct was eluted, re-
solved by SDS-PAGE, and detected by immunoblotting. 
Unfortunately, low pull-down efficiencies were observed 
(Figure S3). We reasoned that the poor capture efficiency 
might be due to interference from the long, anionic CS 
chains. Thus, we trimmed the polysaccharides using 
chondroitinase ABC (ChABC) after the irradiation step 
and appended biotin moieties using copper(I)-catalyzed 
azide-alkyne cycloaddition (CuAAC) chemistry. This 
time, PTPσ-Fc was efficiently pulled down (Figure S3). 
Having demonstrated the selectivity and efficiency of 
the probe in vitro, we investigated whether 8 could cross-
link endogenous proteins in cells. The probe was incu-
bated with cortical neurons, and after irradiation, photo-
crosslinked proteins were detected by immunoblotting. 
Notably, robust labeling of the CS-E-binding proteins 
PTPσ7,15 and ephrin type-A receptor 4 (EphA4)28 was ob-
served (Figure 4B). This labeling was competitively in-
hibited by the addition of excess CS-E-enriched polysac-
charides, confirming the specificity of these proteins for 
the CS-E motif. Together, our results demonstrate that 
probe 8 selectively photo-crosslinks CS-E-binding pro-
teins in living cells. 
Finally, we investigated whether novel CS-E interact-
ing proteins could be discovered using probe 8. Cortical 
neurons were incubated with 8 or vehicle control, then ir-
radiated and lysed (Figure S4). The samples were treated 
with ChABC, and biotin moieties were appended via Cu-
AAC chemistry. After streptavidin pull down, the cap-
tured proteins were eluted, resolved by SDS-PAGE, and 
subjected to in-gel proteolytic digestion. The resulting 
peptides were quantified by isotopic labeling with tandem 
mass tags (TMTs),29 fractionated, and analyzed by liquid 
chromatography-tandem mass spectrometry (LC-
MS/MS).  
In total, we identified 54 ECM and membrane-associ-
ated CS-E-binding proteins that showed ⩾5-fold enrich-
ment in the probe versus the control samples in two inde-
pendent experiments (Figures 4C–D and S5; Table S2). 
Interestingly, six of the proteins possess Ig-like folds,7,16 
suggesting a potential CS-E recognition motif. Moreover, 
three previously reported CS-binding proteins were iden-
tified, including PTPσ,7 neural cell adhesion molecule 2 
(NCAM2),30,31 and apolipoprotein E (ApoE).32 The novel 
CS-E interactors included known regulators of axon guid-
ance, neurite outgrowth, and synaptic plasticity, as well  
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Figure 4. (A) Competition experiments show that 8 se-
lectively photo-crosslinks PTPσ-Fc in vitro (n = 3). (B) 
Selective photo-crosslinking of endogenous PTPσ and 
EphA4 with 8 in cortical neurons (n = 4). (C) TMT ratios 
of 8-treated versus vehicle (Veh)-treated neurons showing 
proteins enriched by ⩾5-fold (blue). (D) TMT ratio plot 
of the 54 membrane-associated and ECM proteins (blue). 
(E) Functions of the identified CS-E interactors. (F) Vali-
dation by ELISA of new CS-E-binding proteins (n = 2). 
Data represent the mean ± SEM. ****P ≤ 0.0001, ***P ≤ 
0.001, **P ≤ 0.01.  
as proteins involved in cell adhesion and membrane traf-
ficking (Figure 4E and Table S2). For instance, we iden-
tified plexin-A4, a receptor for class 3 semaphorins   
(Sema3As) that plays important roles in axon guidance 
and development.33 Interestingly, CS-E is a known binder 
of Sema3A,34 but its interaction with plexin-A4 had not 
been described. Our findings suggest a new potential role 
for CS-E in the regulation of Sema3A/plexin-A4 com-
plexes and semaphorin signaling. Intercellular adhesion 
molecule 5 (Icam5) and neuroligin-1 (Nlgn1) are cell ad-
hesion molecules linked to neuropsychiatric disorders, in-
cluding autism, and they play important roles in synapse 
development and function.35-37 The neuronal pentraxin re-
ceptor (Nptxr) is involved in synapse organization and is 
a potential biomarker of Alzheimer’s disease progres-
sion.38,39 Plexin-A4, Nlgn1, Icam5, and Nptxr were inde-
pendently validated by ELISA, and all showed robust and 
specific binding to CS-E-, but not CS-C-enriched, poly-
saccharides (Figure 4F). Together, these results demon-
strate the ability of our GAG photo-crosslinking probes 
to selectively capture and identify novel GAG-BPs. 
In summary, we have developed a modular, versatile, 
and efficient strategy for the generation of GAG-based 
photo-crosslinking probes. Notably, this approach can be 
extended to map sulfation-specific GAG-BPs for other 
GAG classes, including heparan and dermatan sulfate. 
These probes directly address the shortcomings of tradi-
tional methods for GAG-BP identification and enable the 
discovery of context-dependent interactions involving 
cell-surface and ECM-associated proteins. Given the im-
portant regulatory roles of GAGs, mapping GAG-protein 
interactions in different cellular contexts will provide a 
deeper understanding of critical physiological and patho-
logical processes. Ultimately, we envision that these dis-
coveries will contribute to the development of new ap-
proaches to tackling diseases with unmet medical needs, 
including cancer, neurodegenerative, neuropsychiatric, 
and autoimmune disorders.  
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